Increased expression of galectin-1 (Gal-1) in carcinoma-associated fibroblasts (CAFs) has been reported to correlate with progression and prognosis in many cancers. However, rarely have reports sought to determine whether high Gal-1 expression in CAFs in gastric cancer is involved in the tumor process, and the specific mechanism by which it promotes the evolution of gastric cancer is still unknown. In this study, we cultured gastric cancer CAFs, which showed strong expression of Gal-1, and established a co-culture system of CAFs with gastric cancer cells. Specific siRNA and in vitro migration and invasion assays were used to explore the effects of the interaction between Gal-1 expression of CAFs and gastric cancer cells on cell migration and invasion. We found that the overexpression of Gal-1 in CAFs enhanced gastric cancer cell migration and invasion, and these stimulatory effects could be blocked by specific siRNA which reduced the Gal-1 expression level. A set of cancer invasion-associated genes were then chosen to identify the possible mechanism of Gal-1-induced cell invasion. Among these genes, integrin b1 expression in cancer cells was considered to be associated with Gal-1 expression. Pre-blocking of the integrin b1 expression in gastric cancer cells with siRNA could interrupt the invasion-promoting effect of CAFs with high Gal-1 expression. Furthermore, immunohistochemical assay confirmed a positive correlation between Gal-1 and integrin b1 expression. Our results showed that high expression of Gal-1 in CAFs might facilitate gastric cancer cell migration and invasion by upregulating integrin b1 expression in gastric cancer. G astric cancer is one of the most common cancers in the world and is the second-leading cause of cancer-related death worldwide with a particularly high frequency in China. (1, 2) Despite significant advances in surgical treatment that have proven effective for gastric cancers, a poor prognosis remains due to recurrence in the form of lymphatic spread, blood-borne metastasis, or peritoneal dissemination. (3, 4) Thus, the molecular pathogenesis of gastric cancer metastasis remains to be explored.
Substantial evidence indicates that the development and progression of cancer not only depends on genetic characteristics but also on interactions with a complex microenvironment, which includes the ECM, growth factors, cytokines, and a variety of non-tumor cell types, such as vascular-related cells, inflammatory cells, and fibroblasts. These features promote tumor progression and metastasis, resulting in a poor prognosis and greater resistance to therapy. The fibroblast is one of the most important cell types of the stroma in the microenvironment. It forms the basic architecture of the tissue, contributing to structural integrity and the main components of the ECM. In normal tissue, it carried out tissue repair under certain physiological conditions. (5) But, as one of the important stromal cells in solid tumors, carcinoma-associated fibroblasts (CAFs) differentiate into fibroblasts that express a-smooth muscle actin (a-SMA) and produce ECM proteins such as fibronectin, fibroblast activation protein (FAP), fibroblast secretory protein (FSP), and collagen. (6) They play prominent roles in promoting tumor growth and progression. (7) (8) (9) Carcinoma-associated fibroblasts have various effects on tumor progression, such as ECM degradation, release of soluble factors, regulation of tumor metabolism or tumor cell implantation, and promotion of cancer cell proliferation, migration, and metastasis. (10) (11) (12) (13) Clinical observations have documented that the accumulation of large numbers of CAFs in tumor stroma accelerates progression and metastasis. (6, 7, 14, 15) Thus, in-depth study of the mechanism by which CAFs contribute to tumor progression is necessary and targeting CAFs may be an adjuvant therapy that can improve clinical outcomes.
Galectins (Gals), formerly known as S-type lectins, belong to a family of carbohydrate-binding proteins with an affinity for b-galactosides and they mediate cell-cell or cell-extracellular component communication by binding to glycol-conjugated proteins on the cell surface. (16) Thus, they carry out a series of biological functions including tissue development and differentiation, regulation of immune responses, cell migration, apoptosis, and tumor progression. (17) So far, 15 Gals have been identified and are classified into three types: proto-type (Gal-1, -2, -5, -7, -10, -11, -13, -14, and -15), chimera-type (Gal-3), and tandem repeat-type (Gal-4, -6, -8, -9, and -12). (18, 19) Galectin-1, the first protein in this family to be discovered, is a non-covalent dimer composed of subunits with one carbohydrate recognition domain and behaves as a monomer of 14.5 kDa that dimerizes under certain circumstances.
Increased Gal-1 expression had been reported in various tumor cells, CAFs, and capillary endothelial cells, and is involved in cell-cell and cell-matrix interactions. (20) (21) (22) (23) Increased expression of Gal-1 in CAFs correlates with the progression and prognosis of many cancers, such as colon cancer, gastric cancer, and oral squamous cell carcinoma. (24) (25) (26) However, whether the increased expression of Gal-1 in CAFs affects tumor cell homeostasis, and the underlying molecular mechanism, is still unknown, especially in gastric cancer.
Rare reports have sought to determine whether high Gal-1 expression in CAFs in gastric cancer is involved in the tumor process or the specific mechanism by which it promotes the evolution of gastric cancer. Our study set out to isolate and culture gastric cancer CAFs and establish a co-culture system for CAFs with gastric cancer cell lines. We aimed to investigate whether high Gal-1 expression in CAFs has any impact on the invasive or migratory behavior of gastric cancer cells and to explore its molecular mechanisms.
Materials and Methods
Cell lines. Gastric cell lines (AGS, BGC-823, 7901) were from the Shanghai Institute of Digestive Surgery (Shanghai, China) and cultured in RPMI-1640 containing 10% FBS, 50 U ⁄ mL penicillin, and 50 lg ⁄ mL streptomycin.
Primary cultures of CAFs and normal associated fibroblasts. Both CAFs and normal associated fibroblasts (NAFs) were isolated from gastric tumor tissues and adjacent normal mucosal tissue, respectively, using enzyme digestion. Tissue samples were obtained from surgery patients without radiotherapy or chemotherapy, and then were cut into 1 9 1-mm pieces. The pieces were incubated in enzyme digestion buffer (250 U ⁄ mL collagenase type I, 0.5% hyaluronidase in RPMI-1640 medium), horizontal shaken at 100 rpm for 2 h at 37°C, centrifuged at 1000 g for 10 min, and the supernatant was carefully discarded. The cell pellet was washed three times with serum-free RPMI-1640 and resuspended in RPMI-1640 containing 20% FBS. Undigested pieces were filtered through a 200-mesh cell sieve, adjusted to approximately 5 9 10 6 cells per 6-cm cell culture dish, and incubated at 37°C in a 5% CO 2 incubator. All NGFs and CAFs were used at <10 passages.
Immunohistochemistry. The isolated NGFs and CAFs were further identified using ICC. Cells were seeded at 1 9 10 5 on slides in 6-well plates. After the cells adhered, the medium was discarded and the slides harvested for ICC staining. The slides were blocked with 3% (v ⁄ v) H 2 O 2 for 10 min and 10% (v ⁄ v) normal goat serum for 15 min at room temperature. Then the slides were incubated with vimentin, cytokeratin, a-SMA, FAP, FSP, fibronectin, and Gal-1 primary antibodies at 4°C overnight. The HRP-conjugated secondary antibody (Zhongshan Biotech, Beijing, China) and 3 0 -diaminobenzidine tetrahydrochloride were used to visualize signal development, and then the sections were counterstained with hematoxylin. Small interfering RNA transfection. Galectin-1 siRNA-1 (sc-35441; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Gal-1 siRNA-2 (SR302674; OriGene Technologies, Beijing, China), integrin b1 siRNA-1 (sc-35674; Santa Cruz Biotechnology), and integrin b1 siRNA-2 (sc-44310; Santa Cruz Biotechnology) mixed with transfection reagent (sc-29528; Santa Cruz Biotechnology) were used for transfection according to the manufacturer's instructions. To inhibit Gal-1 expression, CAFs in 6-well plates (2 9 10 5 per well) were transfected with Gal-1 siRNA-1 and siRNA-2; and to block integrin b1, 2 9 10 5 gastric cancer cells per well were transfected with integrin b1 siRNA-1 and siRNA-2. In both, scrambled siRNA (sc-37007; Santa Cruz Biotechnology) was transfected as a negative control. After 24 h, cells were collected for experiments.
In vitro cell migration and invasion assays. In migration assays, 1 9 10 5 gastric cancer cells (BGC-823, 7901, and AGS) were plated (in triplicate) in the top chamber of a Transwell (3422; Millipore, Billerica, MA, USA) with a membrane containing 8-lm pores in 200 lL serum-free RPMI-1640. The inserts were then placed into the bottom chamber wells of a 24-well plate with or without 2 9 10 5 pre-cultured CAFs, control siRNA-transfected CAFs, or Gal-1 siRNA-transfected CAFs as attractants. After 24 h of incubation, cells remaining on the top layers of the inserts were removed by cotton swab scrubbing, and cells on the lower surface of the membrane were fixed and stained with H&E. The cell numbers in five random fields (2009) were counted for each chamber, and the average value was calculated.
In invasion assays, 2 9 10 5 gastric cancer cells (BGC-823, 7901, and AGS) were plated in the top chamber with Matrigel pre-coated membrane (ECM554; Millipore), while the bottom chambers of a 24-well plate had inserts with or without 2 9 10 5 pre-cultured CAFs, control siRNA-transfected CAFs, or Gal-1 siRNA-transfected CAFs as attractants. After 48 h of incubation, the cells (lower side of the membrane) were stained and the number calculated as above.
After real-time PCR and Western blot analysis, which suggested a correlation between Gal-1 and integrin b1, Transwell invasion assays were carried out to test the effect of integrin b1 siRNA on blocking the enhanced invasion induced by CAFs (high Gal-1 expression). First, the gastric cancer cells (BGC-823, 7901, AGS) were transfected with integrin b1 siRNA-1 and siRNA-2 to block integrin b1 expression, then the cells were collected and plated in the top chamber for Transwell invasion assay; the bottom chambers were pre-cultured with CAFs as the attractant. The method was as described above.
Candidate genes associated with Gal-1 induced cell invasion. Briefly, in a 6-well co-culture system (Millicell Cell Culture Insert, PIHP03050; Millipore), 4 
Total RNA was extracted using TRIzol reagent (Invitrogen, NY, USA) and reverse-transcribed according to the instructions with the PrimeScript First Strand cDNA Synthesis kit (DRR047A; Takara, Dalian, China). Real-time PCR was carried out using the MX3000P system (Stratagene, La Jolla, CA, USA), using gene-specific primers with the SYBR Premix ExTaq kit (DRR042A; Takara). GAPDH was used as an internal control. The candidate primer pool is listed in Table 1 . Initial denaturation (5 min at 95°C) was followed by 40 cycles of amplification at 95°C for 10 s, annealing time (Table 1) and 72°C for 20 s. Melting curve analysis was carried out at the end of the PCR cycles. The relative expression levels were calculated using the 2 ÀDC t method. Total protein was extracted using RIPA lysis buffer and fractionated on SDS-PAGE. The proteins were electrotransferred onto PVDF membranes using the semidry transfer method. The membranes were blocked with 5% BSA for 2 h, then incubated overnight with primary antibodies at 4°C. The primary antibodies were anti-Gal-1 (1:1000, G7420; Sigma, St. Louis, MO, USA) and anti-integrin b1 (1:1000, #9699; Cell Signaling Technology, Danvers, MA, USA). After incubation with secondary antibody (1:5000; Huaan Biotech, Hangzhou, China) for 2 h, the membranes were treated with electrochemiluminescence reagent (Generay, Shanghai, China) and exposed to autoradiographic film.
Immunohistochemical staining and evaluation. Ninety-four paraffin gastric cancer specimens were acquired from Zhejiang Provincial People's Hospital (Hangzhou, China), having been collected between January 2001 and December 2004. All cases were classified according to the World Health Organization Pathological Classification of Tumors in 2010. The characteristics of the 94 patients are summarized in Table 2 . None of the patients had received any radiotherapy or chemotherapy in advance of the operation. Specimens were fixed in formalin and embedded in paraffin. The project was approved by the Ethics Committee of Zhejiang Provincial People's Hospital.
The sections were deparaffinized and rehydrated in graded ethanols. Antigen retrieval was carried out by autoclaving for 3 min in 0.01 M citrate buffer (pH 7.4). After retrieval, the sections were blocked with 3% (v ⁄ v) H 2 O 2 for 10 min and 10% (v ⁄ v) normal goat serum for 15 min at room temperature. Then the sections were incubated with primary antibodies at 4°C overnight (anti-integrin b1 [1:400, #9699; Cell Signaling Technology] and anti-Gal-1 (1:250, #6837-1; Epitomics, Burlingame, CA, USA]). Then the sections were incubated with HRP-conjugated secondary antibody (Zhongshan Biotech) for 20 min at room temperature. Finally, 3
0 -diaminobenzidine tetrahydrochloride was used to visualize the signal development, and then the sections were counterstained with hematoxylin.
The immunohistochemical evaluation was independently carried out by two pathologists without knowledge of the clinical data. The immunoreactivity levels of each case were estimated under a light microscope by assessing the average signal intensity (on a scale of 0-3) and the proportion of cells showing positive staining (0, <5%; 1, 5-25%; 2, 26-50%; 3, 51-75%; 4, 76-100%). The intensity and proportion scores were then multiplied to obtain a composite score; 0-3 was defined as negative and 4-12 as positive.
Statistical analysis. All statistical analyses were carried out using SPSS version 13.0 (SPSS, Chicago, IL, USA). For in vitro experiments, independent samples t-tests were used to analyze the significance of differences between the control and treatment groups. Categorical data were assessed using Chi-square or Fisher's exact tests. Spearman's q-test was used to assess the correlation between integrin b1 and Gal-1 staining. Survival curves were estimated using the Kaplan-Meier method, and the log-rank test was used to calculate differences between the curves. A P-value of <0.05 was considered statistically significant.
Result Identification of primary cultured cells and Gal-1 expression in
CAFs. Although we could not distinguish the two types of cells under the light microscope (Fig. S1 ) as both were long and spindle-shaped and with spiral growth, we did identify differences between CAFs and NAFs using molecular markers and ICC staining (Fig. 1) . Both in NGFs and CAFs, vimentin was strongly expressed but no cytokeratin was detected, whereas a-SMA was expressed in CAFs, but not in NGFs. The FSP, FAP, and fibronectin expression was increased in CAFs compared with NAFs. Gal-1 was strongly expressed in CAFs, but no or only a weak signal was detected in NAFs ( Fig. 1) .
High Gal-1 expression in CAFs promotes cell migration and invasion. In the migration and invasion assays, BGC-823, 7901, and AGS cells co-cultured with CAFs for 24 h showed increased numbers of migrating cells (P < 0.05compared with controls; Fig. 2 ). Reducing the expression of Gal-1 in CAFs with Gal-1 siRNAs inhibited this effect (Fig. 2) . These results indicate that overexpression of Gal-1 in CAFs contributes to gastric cancer cell migration and invasion.
Candidate genes associated with Gal-1-induced cell migration and invasion. In order to identify genes associated with Gal-1-induced cell invasion in gastric cancer, a set of cancer invasion-associated primers were investigated by real-time PCR screening. Among these genes, the expression levels of integrin b1 in cancer cells were considered to occur through upregulation of Gal-1 expression. Compared with gastric cancer cells co-cultured with CAFs with low Gal-1 expression (treated with Gal-1 siRNAs), the expression level of integrin b1 was remarkably elevated in those co-cultured with CAFs with high Gal-1 expression (treated with control siRNA), both at the mRNA and protein levels (Fig. 3 ). There were no differences in the expression of ITGB7, ITGAV, ITGB8, ITGB6, ITGB3, ITGB5, ITGA6, ITGA4, ITGA1, ITGA9, ITGA2, ITGAL, or ITGA3 (data not shown). We further tested the involvement of integrin b1 in the CAF-induced enhanced invasiveness of human gastric cancer cells. Integrin b1 siRNA was used to block its expression in gastric cancer cells, and we found that pretreatment of 7901, BGC-823, and AGS cells with integrin b1 siRNA significantly reduced the enhanced the invasive potential induced by CAFs (Fig. 4) .
Taken together, these results suggest that high expression levels of Gal-1 in CAFs enhance the invasive and migratory ability of human gastric cancer cells. This may be achieved by upregulating the expression level of integrin b1 in these cells. Furthermore, the blockade of integrin b1 expression in the cells blocked these effects.
Correlation between Gal-1 and integrin b1 expression in gastric cancer and survival analysis. To confirm the correlation between Gal-1 and integrin b1 expression, immunohistochemistry was carried out in 94 gastric cancer samples. Integrin b1 protein showed membranous staining in most cancer cells, but Gal-1 was found to be strongly expressed in CAFs and a negative reaction in tumor cells (Fig. 5) . Integrin b1 expression was positive in 50 of 94 tumor samples (53.2%) and Gal-1 in 57 of 94 (60.6%). Integrin b1 and Gal-1 expression and staining intensity were significantly associated with lymph node metastasis, distant metastasis, and TNM stage of the clinicopathologic parameters (Table 2 ). Spearman's q-test gave a positive correlation between the levels of Gal-1 and integrin b1 (R = 0.51, P = 0.001; Table 3) .
Kaplan-Meier analysis indicated a significant impact on patient survival of integrin b1 staining intensity in tumor cells Fig. 6 ).
Discussion
Increasing attention is being paid to the tumor microenvironment, where tumor cells closely interact with the surrounding vascular endothelial cells, inflammatory cells, fibroblasts, and other ECM components. These interactions induce a variety of changes in stromal cells, including the abnormal production of many growth factors, chemokines, angiogenesis, and ECM proteins, which together form a suitable tumor microenvironment. Under the effects of exogenous stimulating factors, a series of signaling pathways associated with tumor progression and metastasis are abnormally activated. Then the tumor cells express many malignant changes, such as rapid proliferation, local adhesion, invasion, and distant metastasis. (27, 28) Galectin-1, a secretory protein that is overexpressed in CAFs, plays a prominent role in promoting tumor growth and progression, (24) (25) (26) and patients with high Gal-1 expression have a poor prognosis. These studies only focused on the relationship between Gal-1 expression and cancer progression and prognosis, whereas a precise model of the interaction between the cancer microenvironment, CAFs and cancer cells is still unkown. In particular, the reasons why Gal-1 was highly expressed in CAFs and how it influenced tumor cells was still not clear. In this study, we co-cultured CAFs that have high Gal-1 expression with gastric cancer cells and found that the overexpression of Gal-1 in CAFs enhanced gastric cancer cell migration and invasion, and these stimulatory effects were blocked by siRNA that reduce the Gal-1 expression level. These findings indicated that the expression of Gal-1 in CAFs promotes gastric cancer cell migration and invasion. In humans, integrins have 18 a-subunits and 8 b-subunits and can form 24 different combinations. (29) High integrin expression is associated with the progression of epithelial malignancies, particularly during invasion, metastasis, and angiogenesis, and adhesion to the ECM. (30, 31) Adhesion to the ECM is an essential step for cancer cell survival and growth in distant locations during metastasis. During this step, integrins are major regulatory molecules that provide a scaffold linking the ECM to the actin cytoskeleton, respond to tumor environmental cues (such as growth factors, chemokines, angiogenetic factors secreted by vascular-related cells, inflammatory cells, and CAFs), and then transmit the external signals to cancer cells. (29, 32, 33) Integrin b1 has broad functional activities in cancer such as proliferation, adhesion, and invasion, and its knockdown inhibits colony formation, invasion, and migration. (34) (35) (36) (37) Recent reports have implied that integrin b1 expression causes therapeutic resistance in several solid cancer models. (38, 39) Morello et al. (40) indicated that integrin b1 is an essential regulator of epidermal growth factor receptor signaling and affects the tumorigenic properties of lung cancer cells by inducing active proliferation and metastasis. Moiseeva et al. (41) revealed that Gal-1 probably affects vascular smooth muscle cell adhesion, migration, and proliferation by direct binding to integrin b1 on the cell surface. In this study, we used real-time PCR and Western blotting to analyze several candidate genes that may be associated with cancer invasion and Gal-1 expression, and obtained results similar to those of Moiseeva et al. (41) Among these candidate genes, using siRNAs we found that the expression level of integrin b1 was remarkably elevated in gastric cancer cells co-cultured with CAFs expressing high Gal-1 compared to those with low Gal-1 expression CAFs. That is, the Gal-1 overexpression in CAFs may be through the upregulation of the expression level of integrin b1 in cancer cells. Pre-blocking the integrin b1 expression in gastric cancer cells with siRNA interrupted the invasion-promoting effect of CAFs with high Gal-1 expression. Furthermore, immunohistochemistry confirmed a positive correlation between Gal-1 and integrin b1 expression; patients with positive expression of both Gal-1 and integrin b1 had shorter survival times than those with double-negative or single-positive results.
In conclusion, our results showed that overexpression of Gal-1 in CAFs promotes the invasiveness of gastric cancer cells in vitro and integrin b1 is closely involved in this invasive promotion. Investigation of these signaling pathways (Gal-1 ⁄ integrin b1 axis) will further improve our understanding of the molecular mechanisms underlying gastric cancer progression, and help develop novel techniques for its treatment.
